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ABSTRACT:  Teelmiqi-.es  are  deacribeci  whereby  a half- 

wave,.  bridge -type  magnetic  amplifier  with  Integral 
feedtfseic  foi'r-is  a versatile  servo  building  block.. 
Proper  adjustment  of  the  polarity  and  amplitude  of 
the  Integral  feedback  makes  this  circuit  a lead  net- 
work* 5.  lag  network,  or  an  integrator..  In  addition 
to  these  characteristics*  the  circuit  can  be  used  to 
modulate*  demodulate*  or  amplify  a~c  or  d-e,.  merely 
toy  selecting  the  pi  ope r output  component.  This 
circuit  Is  useful  with  vacuum  tube  amplifier  servo 
control  iers  ts  we.il  as  with  magnetic  amplifier 
servo  controllers , 
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The  derivations  and  exper imentai  checks  are  contained  in 
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KAOMETJD  AMPLIFIER  SERVO  COMPENSATION 


UJTRODUCT  ION 

1,  Tiie-  half -wave,  bridge-type  magnetic  amplifier1  responds 
equally  well  to  a-c  (modulated  carrier)  or  d-c  (modulation- 
frequency)  signals*  and  the  output  Is  pha.se -reversible, 
pulsating  d-Oo  Both  the  d-c  and  a-c  components  of  the  output 
are  linearly  related  to  control  voltage.  The  gain  of  interest. 
In  the  following  derivations  is  the  d-c  gain  (d-c  volts  out 
divided  by  d-c  wolts  in)c  This  steady  state  d-c  gain  will  be 
designated  Kq* 

2.  This  half-wave  amplifier  has  a time  delay  dependent  only 
on  the  number  of  stages ^5  therefore 9 the  amplifier  transfer 
function  for  voltages  of  modulation  frequency,  to,  Is; 

KA  » KDe'T^m  Eq.  (l) 

where  TA  is  the  time  constant  determined  by  the  number  of 
stages  in  the  amplifier#  This  time  constant  is  one  cycle  of 
the  supply  frequency  for  the  first  stage  and  one-half  cycle 
for  each  additional  stage.  For  a two-stage,  400-cycle  ampli- 
fier the  time  constant  is; 

T,  » 3*75  millisecond  Eq#  (d) 

3#  In  the  region  of  frequencies  in  which  the  phs.se  angle, 

T pps  is  small  the  assumption  can  be  made  that 

Ka  - ICD  Kq,  (3) 

In  a two-stage,  400- cycle  amplifier,  the  phase  shift  at  a 
signal  frequency  of,  100  radians  per  second  Is  approximately 
20  degrees#  For  frequencies  below  100  radians  per  second, 
the  phase  shift  is  assumed  to  be  evo3  remembering  that  some 
small  error  will  be  Introduced  by  this  assumption# 

4c  The  gain  of  a half-wave,  bridge  type  amplifier  is  greatest 
when  the  control  source  Imps  da  rice  is  the  smallest  possible 
For  many  servo  applications,  the  amplifier  must  be  operated 
from  a control  transformer  c The  load  impedance  on  the  output 
of  the  control  transformer  Is  frequently  required  to  be  at 
least  10 1; 000  ohms*  Amplifiers  of  the  above  type  are  usually 
designed,  therefore,  with  a 10,000  ohm  resistor  in  series 
with  the  input  windings  in  which  ease  the  d-c  input  resistance 
is  very  nearly  10,000  ohms  since  the  d-c  resistance  of  the 
control  windings  is  usually  much  smaller  than  this  value* 


,T 
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*>,.  V.hen  the  output  of  the  amplifier  is  fed  back  through  a 
resistance  capacitance  network  as  shown  in  figure  1*  only  the 
d-e  component  of  the  amplifier  output  will  appear  across  the 
capacitor  if  the  RC  time  constant  is  long  compax-ed  to  the 
period  of  the  supply  voltage  and  the  amplifier  input  reaist&nc 
does  not  load  the  RC  network  too  severely*  When  there  ih  some 
loading  of  the  network  by  the  amplifier  input  resistance,  the 
feedback  function  will  be  changed  from  that  of  a simple  K; 
network,  Whether  or  not  there  is  loading  of  the  network  the 
capacitor  voltage  is  the  input  voltage  to  the  amplifier  o>*o® 
the  feedback  network?,  therefore  j,  from  figure  2 it  is  seen  that 
the  feedback  function  of  figure  1 is; 


Ef  ;t 

Ec  *r  TJaxfl 


E q-.  (4) 


where  & „ Rc/(R-j-Rc ) 9 T « RC,  and  R0  is  the  amplifier-  input 
resistance-.  Using  the  above  value  of  feedback  function.,  the 
closed  loop  transfer  function  of  figure  1 is? 


Eo  Kp  ( G‘  Tjy-1) 

Et  T~Ja*l  *c*KD 


Lead  network 

60  When  the' feedback  of  figure  1 is  negative,, 
reduces  tos 


Eo 

il 


-73 


Kp  , 

Tk^Td  T,jaH~l) 


of  T 
l+<*  kd 


jOVfrl 


equation  (§} 
Eq*  (6) 


This  is  a lead  circuit2  with  3 ower  break  frequency  1/oC  T, 
break-frequency  spread  ( Kjj)  , and  zero  frequency  gain 
Kp/fi-fy;  Kp)<  This  value  of  cero-frequenc.y  gain  is  based  on 
the  assumption  that  the  only  usable  portion  of  the  output  is 
the  d-c  component.  The  output  of  this  network  is  actually 
pulsating  d-c$  consequently,  when  the  output  of  this  network 
is  fed  directly  into  the  input  of  a half-wave  amplifier,, 
which  responds  to  both  d-e  and  fundamental  a~c  components,, 
the  zero  frequency  gain  will  be  somewhat  greater  than  that 
indicated  by  equation  (6)* 

Y<  Since  this  network  will  respond  equally  well  to  a-c  or 
d-c  inputs j>  and  since  the  output  contains  both  a-e  and  d-c 
components,  it  is  a useful  and  versatile  servo  building  block. 
By  using  the  appropriate  component  of  the  output  fox*  a given 
input,  a~c  or  d-c,  it  is  seen  that  this  network  can  be  used 
as  a modulator,  demodulator,  a-c  amplifier,  or  d-c  amplifier 
each  with  the  sense  lead  character  is  tic  given  by  the  frequency- 
variant  portion  of  equation  (6),. 


JMAVOrtl'  iloport  tJQ9 


8 b'Lo>m  va  figure  .5  arc  calculated  and  measured  curves  of 
the  ijreqt.it  i-wy  variant  portion  of  equation  (5) , The  agreement 
it?  very  good  except  at  high  frequencies  where  the  phase  shift 
in  the  amplifier , neglected  in  the  analysis,  introduces 
c<  r*ss ioerahie  error.  From  the  results  of  figure  t,,  It  lu  seen 
t c“  the  characteristics  of  such  a network  can  be  p red  filed 
«•  ’.’tv  simple  servo  theory  with  sufficient  accuracy  for  hr.-:  t 
servo  assign  problems*.  Such  a network  has  ’$een  sucoei;-.:'  A* lly 
used  rfo  compensate  a practical  servo  system-^, 

9-  Owe  caution  must  be  observed  when  using  this  lead  network. 
When  the  phase  shift  around  the  loop  is  ISO  degrees { the  loop 
gain,  must  be  less  than  one  to  insure  stability,.  The  complex 
loop  gain  iss 


Ef  a<KD3'’TAli^ 

« 3^535^--- 


Eq,  (?) 


For  a practical  circuit,  180  degrees  phase  shift  will  occur 
where* 


cf'TO)  » X 


Eq,  (8) 


in  which  case  the  phase  shift  of  the  denominator  of  equation 
(T)  is  very  nearly  m/2  radians.  In  view  of  this,  the  phase 
shift  of  ISO  degrees  will  occur  when: 


T,jQ3  1 * 


Eq.  {$; 


At  the  frequency  determined  by  equation  (9)  the  magnitude  oi 
Ef/Sg,  must  be  less  than  one,  hence: 

< 1 Eq,  (10) 

To> 

Equations  (9)  and  (10)  set  the  lower  limit  on  the  time  constant, 
T.,  that  can  be  used  with  a given,  amplifier  gain,  Rjj,  to  Insure 
a stable  lead  network, 

lag  Network 

10.  When  the  feedback  In  figure  2 is  made  positive  and  the 
zero -frequency  loop  gain,,  o\  Ej>s  is  less  than  one,  equation  (5) 
becomes; 


Eo  „ T =%X" 


1 ft  K]q 


Ja>hl 


B q.  (11) 


This  is  seen  to  be  a lag  network  with  upper  break  frequency 
l/6<  T,  breatc-f recjuency  spread  1/(1  o^Kp),  and  zero  frequency 
ga  in  Kn/  ( 1 - d\  , 
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1 i , -This  lag  netwoi'k.,  like  the  lead  network  oiEcusped  pre- 
viously.* is  a versatile  servo  building  block..  For  the  reaaopt 
given  previously,,  this  lag  network  can  be  used  for  modulation ,. 
demodulation*  a-e  ataplif  ic&ticm*  or  d~e  amplification., 

Irj.  As  before*  the  zero -frequency  gain  given  by  equation  {11} 
■}■:  .'  i the  basis  of  the  d-e  component  of  the  output*  If  nth 
u <:  .tnd  a c components  of  the  output  axe  used.,  as  in  6>  <*.  ing 
ar other  magnetic  amplifier*  the  zero -frequency  gain  wf/H  bo 
somewhat  highei  than  that  indicated  by  equation  { 1 1 } * 


13*  If  a given  amplifier  has  sufficient  gain  that  °tKn  is 
greater  thaw  one*  the  circuit  configuration  of  figure  4 can 
be  used  to  obtain  the  proper  lag  characteristic  while  keeping 
the  maximum  possible  zero-frequency  gain*  In  this  case* 
referring  to  figure  4.,  the  feedback  function  is  now; 


Ef  c; 

®e  ^Tjco+1 


Eq„  {12} 


where  cx  ^ « Rg/CRi+R;?)*  Of  course*  the  total  resistance  (Ri-f-Hg) 
must  be  much  less  than  R for  the  above  expression  to  hold. 

The  output  impedance  of  the  magnetic  amplifier  Is  sufficiently 
low  that  this  condition  is  easily  met  in  any  practical  case. 
Using  the  circuit  of  figure  4,  we  see  that  the  transfer  function 
is  now; 


Ejo 

El 


£2 


*D 

l-ci  c£  iKp 


(o<t  jaw-1) 


<=*  T 

1-^!,KD 


jcm-1 


Eq.  (13) 


The  details  of  this  lag  function  are  very  similar  to  those 
of  equation  (11). 


l4„  Shown  in  figure  5 are  measured  and  calculated  curves  of 
.a  typical  lag  function  as  given  by  equation  (XI)  or  (13)* 

Once  again  the  agreement  between  curves  Is  good  except  that 
for  higher  frequencies  the  error  between  calculated  and 
measured  phase  angles  becomes  appreciable  aue  to  the  assumption 
of  negligible  amplifier  phase  shift  in  the  calculations*  This 
circuit  has  been  used  successfully  to  raise  the  velocity 
constant  of  a servo  without  appreciably  affecting  the  servo 
bandwidth. 


Integrator 

15 * When  the  feedback  of  figure  4 is  positive  and  the  factor* 
X&D  equal  to  one*  the  over-all  transfer  function  from 
equation  (5)  is; 


Eo  Kb(<*vTjo»l) 

SK  ..—..11-1.1  -■.i»  

T jm 


(14) 
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When  «•  steady  signal  is  put  into  this  circuit,-,  the  outpi-b, 
teei b,$  proportional  to  the  integral  of  the  input  signal,,  will 
build  up  until  the  amplifier  saturates®  Hence *.  a constant 
output,  voltage  is  obtained  from  this  circuit  only  when  the 
input  voltage  is  zero,.  This  type  of  transfer  function  when 
placed  in  a servo  loop  with  the  proper  types  of  stabilisation 
will  yield  a zero --velocity-error  system*  Such  a system., 
having  the  block  diagram  shown  in  figure  6S.  has  been  successfully 
synt'aes  ized. 


Conclusion 


l6c  The  techniques  described  above  are  useful  In  vacuum  tube 
servo  systems  as  well  as  in  magnetic  amplifier  servo  systems r 
The  usefulness  is  enhanced  by  the  ease  with  which  circuit 
characteristics  can  be  computed  with  sufficient  accuracy  for 
design  purposes, 

17*  When  these  design  -methods  are  used  with  half  - wave  bridge- 
type  magnetic  amplifiers  the  resulting  compensation  networks 
can  be  used,  with  any  combination  of  a-c  and/or  d-c  input* 
and  a-e  and/or  d-o  output.  These  networks 'are  only  as  sensitive 
to  line  voltage  and  frequency  variations  as  the  amplifier  used 
in  the  network*  When  the  amplifier  components  are  properly 
matched s the  amplifier  is  extremely  insensitive  to  these 
variations,  • 
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